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ABSTRACT
We report high angular resolution observations of NGC1333 IRAS4A, a protostellar binary including
A1 and A2, at 0.84 mm with the Atacama Large Millimeter/submillimeter Array. From the contin-
uum observations, we suggest that the dust emission from the A1 core is optically thick, and A2
is predominantly optically thin. The A2 core, exhibiting a forest of spectral lines including complex
molecules, is a well known hot corino as suggested by previous works. More importantly, we report, for
the first time, the solid evidence of complex organic molecules (COMs), including CH3OH,
13CH3OH,
CH2DOH, CH3CHO associated with the A1 core seen in absorption. The absorption features mostly
arise from a compact region around the continuum peak position of the A1 core. Rather than origi-
nating from a larger common envelope surrounding the protobinary, the COM features are associated
with individual cores A1 and A2. Considering the signatures observed in both continuum and spectral
lines, we propose two possible scenarios for IRAS 4A1 - the COM absorption lines may arise from a
hot-corino-like atmosphere at the surface of an optically-thick circumstellar disk around A1, or the
absorption may arise from different layers of a temperature-stratified dense envelope.
Keywords: ISM:abundances –ISM:individual object(NGC1333 IRAS4A)– ISM:molecules–stars:formation
–Astrochemistry
1. INTRODUCTION
Hot cores and hot corinos are associated with (high-
and low-mass) star formation at its relatively early stage
of evolution. Due to high temperature in the vicinity of
protostar, large abundance of complex organic molecules
(containing typically at least six atoms, Herbst &
van Dishoeck 2009) are observed in the gas phase.
Hot cores, with typical sizes of < 0.1 pc, densities of
> 2× 107 cm−3, and temperatures of > 100 K (e.g.,van
der Tak 2004), are related to massive star forming
regions. Orion KL, for example, hosts an archetypal
hot molecular core as revealed by millimeter molecu-
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lar line observations (e.g., Blake et al. 1987). Similar
spectral line surveys found that saturated COMs, e.g.,
CH3OH, HCOOCH3, CH3OCH3 are especially abun-
dant in the hot core regions (e.g. Comito et al. 2005;
Tercero et al. 2010; Crockett et al. 2014). The low
mass analogs of the hot cores are dubbed as hot cori-
nos. NGC 1333 IRAS 4A (IRAS 4A hereafter) and
IRAS 16293−2422 (I16293 hereafter) are among the first
recognized hot corinos (Cazaux et al. 2003; Bottinelli et
al. 2004). There are only a handful of hot-corinos known
to date (e.g.,Bottinelli et al. 2007; O¨berg et al. 2011,
2014; Fuente et al. 2014).
The observed COMs in hot cores and hot corinos have
often been suggested to form primarily in grain icy man-
tles and later get liberated into the gas phase by thermal
evaporation (desorption) (Millar et al. 1991; Charnley
et al. 1992). Further investigation indicated, though,
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that their formation through recombination of radicals
on grain surfaces during the warm up phase in the star
formation process may be as important (Garrod et al.
2006). Laboratory experiments and theoretical calcula-
tions, nevertheless, demonstrated that methanol is pro-
duced largely in the grain phase through repeated hy-
drogenation of CO (e.g. Tielens et al. 1982, 2005) as,
COsurface
H−→ HCOsurface H−→ CH3Osurface H−→ CH3OHsurface
(1)
Gas-phase production of CH3OH, on the other hand, is
inefficient as compared to grain-phase for typical physi-
cal conditions in protostellar environments (Geppert et
al. 2006). Consequently, methanol is often used to sig-
nify the presence of thermally-evaporated COMs in hot
core and hot corinos.
In the context of low-mass YSOs, COMs were found
in a few cases specifically associated with young stel-
lar and protoplanetary disks. For example, mythal-
cyanide (CH3CN) and CH3OH were detected in the
protoplanetary disk TW Hya (O¨berg et al. 2015; Walsh
et al. 2016). Lee et al. (2017b) detected CH3OH,
deuterated methanol (CH2DOH), methyl mercaptan
(CH3SH), formamide (NH2CHO) as well as doubly
deuterated formaldehyde (D2CO) in HH212. The distri-
bution of these molecular emission, above and below the
dusty protoplanetary disk, are suggested to trace COMs
formed in situ in the atmosphere of the disk. More re-
cently, van ’t Hoff et al. (2018) detected methanol that
appears to be thermally desorbed from grains in the
disk of the young out-bursting source V883 Ori.
Complex molecular species mainly liberated from
grain surfaces through thermal desorption with dust
temperature reaching ∼85 K (Brown et al. 2007). Ad-
ditional effects like photodissociation, reactive desorp-
tion and energetic interaction may enhance gas-phase
abundances of chemical species (e.g. Sahu et al. 2018;
Taquet et al. 2015) including COMs (Drozdovskaya et
al. 2015). For this reason, a few COMs have been
seen in the peripheral region of protostellar envelopes
(e.g., Jaber et al. 2014) and in shocks produced by fast
jet and molecular outflow (e.g. Palau et al. 2017 and
references therein).
Thanks to the advent of the interferometric facilities
like the Atacama Large Millimeter and submillimeter
Array (ALMA), spectral signatures of COMs can be ob-
served and mapped with high sensitivity and angular
resolution at sub-arcsecond level, differentiating their
emission regions. Previously, interferometric observa-
tions of hot corinos (e.g.Bottinelli et al. 2004; Kuan et
al. 2004; Bisschop et al. 2008; Jørgensen et al. 2011,
2016; Codella et al. 2016) unveiled the presence of sev-
eral COMs and in some cases their distributions, too.
The IRAS 4A, one of the first known hot corino ob-
jects, is located in the Perseus molecular cloud at a
distance 235 pc (Hirota et al. 2008). A recent result
from GAIA measured the distance of Perseus molecular
cloud to be 293±22 pc (Ortiz-Leo´n et al. 2018; Zucker
et al. 2018), we adopt this updated distance (∼293
pc) throughout the paper. The overall luminosity and
envelope mass of the object are 9.1 L and 5.6 M re-
spectively (Kristensen et al. 2012; Karska et al. 2013).
In the centimeter to millimeter continuum imaging mea-
surements, IRAS 4A shows two compact emission cores
and clumpy extended structure, and IRAS 4A1 (A1
hereafter) is found to be brighter than IRAS 4A2 (A2
hereafter) (Choi et al. 2010, 2011). A1 and A2, sepa-
rated by 1.′′8 (∼ 527 AU), are likely a pair of class 0
proto-binary system originating from the same parent
cloud (Jennings et al. 1987; Sandell et al. 1991; Lay
et al. 1995; Looney et al. 2000) and are reported to
have similarly powerful bipolar outflows (Santangelo et
al. 2015). The IRAS 4A region therefore encompasses
circumstellar disks associated with compact cores, and
protostellar envelopes around the individual protostars
and a common envelope shared by the binary (Choi et
al. 2011). Taquet et al. (2015), through comparatively
low angular resolution (∼ 2′′) observations that were
unable to disentangle A1 and A2, found the presence
of several COMs, e.g., CH3OH, HCOOCH3, CH3OCH3,
HCOCH2OH, C2H5OH towards IRAS 4A as a whole.
Recently, Lo´pez-Sepulcre et al. (2017) studied the com-
plex organics in IRAS 4A with ALMA and the Pleatu de
Bure Interferometer (PdBI) at a higher angular resolu-
tion (∼ 0.5′′) and resolved apart the emissions from the
two cores, A1 and A2. They found a striking contrast
between these two neighboring cores — while A2 showed
hot corino activity with enriched COMs’ emission (Pers-
son et al. 2012), no sign of COMs was detected in A1.
Lo´pez-Sepulcre et al. (2017) suggest that either A1 does
not host any hot corino, or alternatively A1 may host a
hot corino with a size ∼15 AU (after scaling the adopted
distance to 293 pc) that is 6 times smaller than that of
A2.
Keeping all this in mind, in this paper we present
ALMA observations of the protostellar binary IRAS 4A
with a high resolution of ∼ 0.3′′ (or equivalently 88
AU in linear scale). We detected emission signatures
of methanol and its various isotopologues as well as
CH3CHO in A2, while these species showed primarily
absorption features towards A1. We suggest that we are
seeing COMs in the “atmosphere” of A1, which itself is
readily developing into a hot corino object with optically
COMs in NGC 1333 IRAS 4A1 3
thick dust continuum emission. We describe the obser-
vational setup in Section 2, detail the results in Section
3, discuss the implications of these results in Section 4.
2. OBSERVATIONS
The observations of IRAS 4A were carried out by
ALMA under the project code 2015.1.00147.S. Three
Execution Blocks (EBs) were conducted with ALMA
Band 7 receiver on 2016 Jul. 23 and 24 and 2016 Dec.
14. The number of antennas in the 12 M array for
the three EBs were respectively 39, 42, and 43. The
phase centre of the observations was set at R.A.(J2000)
= 03d 29m 10.50s , Dec.(J2000) =+31◦13′ 31.5′′ and
the total integration time on-source was approximately
84 mins. We deployed seven spectral windows, including
one broadband window centered at 350.714 GHz whose
bandwidth and spectral channel width are 1.875 GHz
and 976 kHz, respectively. The latter, with standard
online Hanning-smooth applied, corresponds to a veloc-
ity resolution of 0.84 km s−1. This paper focuses on the
data from the above broadband window and more de-
tails about the full observational setup can be found in
our forthcoming paper (Su et al. 2019)
The data were first calibrated by the ALMA ob-
servatory through the data reduction pipeline within
the Common Astronomy Software Application package
(CASA, version 4.7 McMullin et al. 2007), We then gen-
erated both the 0.84 mm continuum and spectral visi-
bilities by fitting and subtracting continuum emission in
the visibility domain. We used Briggs weighting with a
robustness parameter of 0.5 for forming the images. The
resulting synthesized beam size is 0.′′30 × 0.′′20 (PA=-
6.45◦) for the continuum map and is 0.′′31 × 0.′′20 (P.A=
-24◦) for the spectral data cubes (for a typical line tran-
sition only). We subsequently used MIRIAD (Sault et
al. 1995) and CASSIS (developed by IRAP-UPS/CNRS-
http://cassis.irap.omp.eu) for further image inspection
and spectral line analysis. The resulting rms level is ∼ 8
mJy beam−1 and 3 mJy beam−1 in the continuum image
and spectral cubes, respectively, with the noise rms be-
ing strongly limited by the imaging dynamical range in
the continuum image due to the presence of very bright
features.
3. RESULTS
3.1. Dust continuum emission
Figure 1(a) shows the 0.84 mm (∼357 GHz) contin-
uum towards IRAS 4A. At an angular resolution of 0.′′31
× 0.′′20, IRAS 4A is clearly resolved into two compo-
nents, with A1 located in the SE, A2 in the NW. A1
and A2 each appears to consist of a compact emission
feature and an outer extended feature. We applied a
two-component 2D Gaussian fitting to the two sources
and summarize the fitting results in Table 1. Overall
we recovered within the region a flux density of 7.24
Jy. Previous single dish observations by Smith et al.
(2000) at 0.85 mm reported a peak flux density of 10.3
Jy beam−1 within a 16′′ beam toward IRAS 4A. Sandell
& Knee (2001), on the other hand, measured at 0.85 mm
a peak flux density of 9.05 Jy towards the same direc-
tion. Considering calibration uncertainties, these results
appear consistent and are about only 20% larger than
our ALMA measurement. Given the integrated region
of single dish observations is also larger than the extent
of the IRAS 4A centroid, we conclude that the missing
flux issue, though may result from the most extended
envelope, is not severe and does not impact our science
focusing on the compact continuum features.
The angular separation between A1 and A2 derived
from the positions of the compact components listed in
Table 1 is 1.′′8, in agreement with previous measurements
(e.g., Lo´pez-Sepulcre et al. 2017, and references therein).
For both A1 and A2, the diameters of the compact com-
ponent are equivalent to about 55 – 115 AU, and the
sizes of the extended envelope span about several hun-
dreds to nearly 1000 AU. The brightness temperatures
derived from the observed peak continuum are 57 K and
42 K towards A1 and A2, respectively. The relatively
high brightness temperatures readily indicate that the
center positions of both A1 and A2 are very warm. We
note that these brightness temperatures are the beam-
average values, and the actual brightness temperatures,
depending on the source filling factor, could be further
inflated.
Assuming a gas-to-dust ratio of 100, a (uniform) dust
temperature of 60 K, a dust opacity κν = 0.006 (ν/245
GHz) β cm2 g−1 (Kramer et al. 1998; Shepherd & Wat-
son 2002), an opacity index β = 1.5, and a distance of
293 pc to IRAS 4A, the dust and gas mass is estimated to
be 0.15, 0.49, 0.07, and 0.50 M for 4A1 compact com-
ponent, 4A1 extended component, 4A2 compact compo-
nent, and 4A2 extended component, respectively; calcu-
lations are based on optically thin assumption. Using
the above-mentioned parameters, the H2 column density
toward the 4A1 centroid is estimated to be at least 1.3
× 1026 cm−2. Such a high molecular gas column density
will lead to a visual extinction Av >100000. Note that
the estimated dust and gas mass of the 4A1 compact
component is most likely a low limit given that there
are indications of the A1 dust continuum being opti-
cally thick throughout the radio to submillimeter bands
as discussed in Section 4.1.
3.2. Detected molecules and their distribution
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Table 1. Parameters of Continuum Sources
Source Component Position (ICRS 2000) Sint Deconvolved Size Mass
α δ (mJy) max′′ min′′ P.A.◦ M
4A1 compact 03 29 10.538 +31 13 30.93 923 0.397 0.354 64.1 0.15
extended 03 29 10.523 +31 13 30.69 2979 1.937 1.282 47.0 0.49
4A2 compact 03 29 10.430 +31 13 32.08 404 0.274 0.168 −82.2 0.07
extended 03 29 10.448 +31 13 32.12 3035 2.973 1.167 −53.8 0.50
In Figure 2 we display the spectra towards the con-
tinuum A1 and A2 peaks over the full 1.875 GHz
spectral window centered at 350.714 GHz. Line fea-
tures from methanol (CH3OH) and its isotopologues
(13CH3OH and CH2DOH) as well as those from ac-
etaldehyde (CH3CHO), as identified and discussed be-
low, are marked in Figure 2 and listed in more detail in
Table 2.
Towards A1, the spectrum throughout the window ex-
hibits rich and almost exclusively absorption features,
regardless of their excitation temperatures. This is a
complementary evidence suggesting that the continuum
dust emission along the A1 line of sight is optically thick.
In contrast, the spectrum towards A2 shows a multi-
tude of emission lines. Many spectral features (e.g.,
CH3OH) from A2 display noticeably similar peak inten-
sities at around 75 K, indicative of a “saturated” and
thus optically-thick nature of those respective lines.
In this paper, we focus on the detection and anal-
ysis of CH3OH, its isotopologues including
13CH3OH
and CH2DOH, and CH3CHO in both A1 and A2 cores
of IRAS 4A. As noted, CH3OH is a robust tracer for
highlighting surface chemistry which occurs within in-
terstellar ices on the grain surface. To firmly secure
the spectral identification, we examined the spectral
features that bear strong (emission/absorption) inten-
sities and are relatively well separated from line con-
fusion/contamination. We visualized the spectral data
in CASSIS for initial line identifications. Assuming a
systematic velocity 6.96 km s−1 (Di Francesco et al.
2001) and employing the JPL (Pickett et al. 1998) and
CDMS (Mu¨ller et al. 2001, 2005) databases, we gener-
ated synthetic spectra within CASSIS. Essentially all
isolated transitions from these molecules with their Ein-
stein co-efficient Aij ≥ 10−5 are well matched (at a
level of 3σ and above) while those with Aij < 10
−5
are likely below our detection threshold or blended by
nearby stronger features from other species. CH3OH
transitions are most intense and there is negligible con-
tamination from other molecular species. All CH3OH
transitions falling in the spectral coverage are identified,
as listed in Table 2. In particular, the transition 1(1,1)-
0(,0,0)++ to the ground state are prominently detected
with a deep absorption feature toward A1 and an in-
verse P-Cygni profile towards A2. Though CH2DOH
molecular transitions are detected without confusion,
some of its transitions are blended themselves. For ex-
ample, two CH2DOH transitions (8(4,4) − 8(3,6) e1 &
8(4,5) − 8(3,5) e1), with similar excitation energies Eu
and frequencies, overlap at around 349.864 GHz. The
detected molecular transitions of the selected species are
common towards both the cores, except that the molec-
ular transitions with Eu > 240.5 K of CH3CHO were
not detected towards A1.
We applied Gaussian profile fitting for extracting the
spectral parameters of the identified features. We list
the fitting results in the Table 2 and plot the profiles in
Figure 3 and Figure 5. During the fitting process, we
consider the velocity range carefully to fit the spectral
profile. In some cases, we excluded some channels to
avoid line contamination and other kinematics feature
(e.g. inverse P-Cygni, see Fig. 4). The fitting results of
spectral profiles from different transitions of a molecule
have peak around a common LSR velocity, considering
the uncertainties of measurements. The averaged veloc-
ity of the emission features (excluding inverse P-Cygni
profile) toward A2 is 6.6 km s−1. Given the limited ve-
locity resolution, this velocity is consistent with the gas
velocity seen in previous works (e.g., average value 6.8
km s−1, Lo´pez-Sepulcre et al. 2017). The averaged ve-
locity of absorption features toward A1 is 6.8 km s−1.
Meanwhile, there does not appear any trend of velocity
variation among the transitions of different excitation
energy. When this is compared with the systemic veloc-
ity of 6.7 km s−1 adopted by Choi et al. (2007), there
is no clear indication of (infall) motion in the absorbing
gas. Based on the profile fitting (Table 2), we also note
that the line-widths ∆V s are ∼ 1.0-1.5 km s−1 for the
(absorption) features in A1 while ∆V s are ∼ 1.5-2.3 km
s−1 for the (emission) lines in A2 core.
Figure 1(b-f) show the velocity integrated intensity
maps of the molecules described in the text. In all pan-
els, dashed contours in the map represent absorption
and solid contours represent emission. There are three
COMs in NGC 1333 IRAS 4A1 5
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CH3OH transitions detected in both A1 and A2. We
plotted the integrated emission of the low-temperature
Eu=16.8 K transition, and the remaining two transitions
(see Table 2) separately in Fig 1(b) & (c). From the two
panels, we see that the absorption feature associated
with the CH3OH 1(1,1)- 0(0,0)++ line (Eu =16.8 K)
around the A1 core is extended and have a size of 0.′′87
× 0.′′74 (deconvolved from the beam after 2D Gaussian
fittings), reflecting its low-lying energy nature. The inte-
grated emission for the same transition toward A2 is also
affected by the absorption part of the inverse P-Cygni
profile. The absorption around A1 core for the two other
higher Eu methanol transitions have a compact size of
0.′′42 × 0.′′29. To enhance the imaging quality, for species
other than CH3OH, the integrated intensity maps are
made by stacking the detected transitions all together.
Based on 2D Gaussian fitting, we find that the absorp-
tion feature for 13CH3OH, CH3CHO, CH2DOH around
the A1 core are all compact.
3.3. Gas temperatures and column densities
Towards IRAS 4A2, there are a large number of emis-
sion lines showing noticeably similar intensity levels at
around 70 K (without continuum subtraction) as shown
in Figure 2. This is particularly true for the three de-
tected CH3OH transitions, all the CH2DOH transitions,
and at least the three low energy CH3CHO transitions,
as also shown in Figure 3. Given that these emission fea-
tures originate from different species with different ex-
citation energies and Einstein A coefficients, their com-
mon brightness can be understood only if all these lines
are optically thick and saturated. The opaque nature
indicates that the molecular gas at A2 is at least as hot
as 70 K at its “surface”. For 13CH3OH in A2, the emis-
sions may be optically thin, although the high Eu line is
possibly blended by an interloper. Additionally, a cou-
ple of high Eu CH3CHO transitions do not seem to be
saturated.
For these cases where we have detected multiple opti-
cally thin transitions from the same molecule, we may
estimate the gas temperature using the rotation dia-
gram method (Turner 1991; Herbst & van Dishoeck
2009 and references therein). Following the standard
radiative transfer equation we have
Iν = Jν(Tex)(1− e−τ0) + Jν(Tbg)e−τ0 (2)
where Iν is the observed brightness at the line frequency
ν, Jν is the source function (= (hν/k)[exp(hν/kT ) −
1]−1, Tex and Tbg are the gas excitation temperature at
that transition and the background brightness temper-
ature. τ0 is the optical depth at the line center. Equiv-
alently,
Iν = Jν(Tex) + (Jν(Tbg)− Jν(Tex))e−τ0 (3)
The observed continuum-subtracted line brightness tem-
perature ∆TB can be expressed as
∆TB = Iν − Jν(Tbg) (4)
= [Jν(Tex)− Jν(Tbg](1− e−τ0) (5)
Equation (4) is the same as Equation (A1) of Turner
(1991), When the line emission is assumed optically thin,
the upper level population Nu is given by Equation (A3)
of Turner (1991),
Nu
gu
=
Tex
Tex − Tbg
3kW
8pi3νSµ2
(6)
where, gu is the degeneracy of the upper level, k is the
Boltzmann constant, S is the line strength, µ is the
dipole moment, W =
∫
∆TBdv is the integrated line
intensity in K km s−1, and the Rayleigh-Jeans approx-
imation has been applied. Furthermore, the level pop-
ulation can be described using Boltzmann distribution,
characterized by a single (rotation) temperature Tex =
Trot, if its excitation is assumed in local thermodynamic
equilibrium (LTE). The total molecular column density
and the excitation (rotation) temperature can thus be
related by the relation,
Nu
gu
=
Ntot
Qtot
e−Eu/KTrot (7)
where Ntot is the total column density, Qtot is the rota-
tional partition function at Trot. Combining Equations
(5) and (6), we can find
log
3kW
8pi3νSµ2
= log
Ntot
Qtot
− Eu
k
1
Trot
− log Trot
Trot − Tbg (8)
This equation, with a negligible Tbg, hence a negligi-
ble last term, forms the conventional rotation diagram.
That is, for the same molecule with multiple detected
transitions, one can plot log(Nu/gu) vs. Eu and deter-
mine Trot and Ntot. We note that, though, when Tbg
cannot be fully neglected but the line opacity remains
reasonably small (< 1), the plot of log(Nu/gu) vs. Eu
still gives rise to a slop of 1/k Trot.
We applied the rotation diagram method to the
13CH3OH and the CH3CHO transitions detected to-
wards A2. As shown in Figure 6, we obtained rotation
temperatures of 375.13±270.02 K and 261.31±10.79 K
for 13CH3OH and the CH3CHO, respectively. These
temperatures should be taken as upper limits though,
as their corresponding lower Eu lines are possibly op-
tically thick. As Goldsmith & Langer (1999) pointed
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out that, when the optical depth is not negligible, the
true total column density Ntot is related to the column
density under the optically thin condition N thintot by the
following relation,
Ntot = N
thin
tot
τ
1− exp(−τ) . (9)
That is, when the low Eu lines are optically thick, their
respective Nu need to be corrected upwards, leading to a
steeper slope in the rotation diagram and hence a lower
rotation temperature. We also obtained lower limits on
their column densities. Indirectly we can have an edu-
cated guess for the CH3OH column density also by con-
sidering the isotopic ratio 12C/13C ∼ 70 (Sheffer et al.
2007).
The situation toward IRAS 4A1, for its exclusively
absorption features, can be more complicated. As the
absorption features have various depths, in a naively sce-
nario (Scenario I, see Figure 7), we assume that most,
if not all, of the observed transitions in A1 are optically
thin and there is no saturation in absorption. We re-
gard the continuum emission as the “background” radi-
ation in the radiative transfer equation and the absorb-
ing molecular line forms in a “foreground” layer. We
would therefore have both (Tex − Tbg) and W terms in
Equation (5) negative as Tex < Tbg and ∆TB < 0 and
proceed with the rotation diagram method.
When this Scenario I is applied to the CH3OH and
13CH3OH transitions in A1, we obtain Figure 6, which
indicates that the corresponding rotation temperatures
for CH3OH and
13CH3OH are 140.39±6.63 K and
58.94± 3.74 K, respectively. While CH2DOH does not
fit with a well defined rotational temperature proba-
bly due to line blending. The detected transitions of
CH3CHO towards A1 may be optically thin but they
have very closely spaced Eu values (∼ 163 − 179 K)
and do not provide good constraints on the tempera-
ture through a rotation diagram. The column densities
are shown in Table 3, for molecules where do not have
any estimation of rotational temperature, we choose the
temperature to be 200 K and calculated the column
densities averaging the results from all the detected
transitions of a molecule.
4. DISCUSSION
While the observed forest of emission line features of
COMs supports the hot corino nature of IRAS 4A2 as
was established by previous studies (e.g. Taquet et al.
2015; Santangelo et al. 2015; Lo´pez-Sepulcre et al. 2017),
the nature of A1 is much less clear. Taquet et al. (2015)
made detailed studies of COMs in selected low mass
YSOs, including NGC 1333 IRAS4A. Even though the
angular resolution of their observations only marginally
resolved apart A1 and A2, it was clear that A1 is de-
void of COM emission features. A lack of COM emis-
sion lines toward A1 was noticed by Santangelo et al.
(2015) in their study of the bipolar outflows associated
in IRAS4A. Based on the velocities and extents of the
bipolar outflows, Santangelo et al. (2015) proposed a
younger dynamical age of A1 as compared to A2. Us-
ing observations with PdBI and ALMA, Lo´pez-Sepulcre
et al. (2017) further reaffirmed a significant contrast of
COM features between A1 and A2. Lo´pez-Sepulcre et al.
(2017) detected no COM emission but marginal absorp-
tion features of CH3CHO, HCOOCH3 and (CH3)2CO
towards A1 and attribute these features to either an
opaque absorbing foreground or a very small severely
beam-diluted emission region. In particular, they esti-
mated that the size of the emitting region should be of
order 15 AU (after scaling the adopted distance to 293
pc) or smaller if it is not obscured by the foreground
dust.
4.1. Continuum Opacity
In contrast to previous presumptions, we reason below
several lines of evidence that points to the A1 continuum
emission from centimeter to submillimeter wavelengths
being optically thick. First of all, the rich absorption
lines in combination of the absence of emission feature
we observed at 0.84 mm is an indication of A1 being ei-
ther genuinely deficient of trace molecular species within
or the continuum is optically thick and has attenuated
the embedded molecular emissions.
Secondly, as presented in Section 3.1, the brightness
temperature of the compact component towards A1 is
nearly 60 K at an angular resolution of 0.′′3 by 0.′′2. At
1.2 mm (250 GHz), Lo´pez-Sepulcre et al. (2017) detected
with ALMA a peak continuum flux of 542 mJy towards
the A1 centroid at an angular resolution of 0.′′66 by 0.′′35.
This leads to a brightness temperature of 46 K. With
the Karl G. Jansky Very Large Array (JVLA) 6.9 mm
observations at a resolution of 0.′′49 × 0.′′40, Liu et al.
(2016) also reported a fairly high brightness tempera-
ture of 41 K towards A1. Recently VLA observations
for the VLA Nascent Disk and Multiplicity (VANDAM)
survey measured peak continuum fluxes of 4.151 mJy
and 2.759 mJy at 8.1 mm and 10.3 mm, respectively,
towards A1 (Cox et al. 2015). With their synthesized
beam size of 0.′′224 by 0.′′199 and 0.′′25 by 0.′′25, these
flux densities correspond to a brightness temperature of
83 K at 8.1 mm and 64 K at 10.3 mm. Given dust opac-
ity is more optically thin at longer wavelengths, that is,
scaling as νβ with β ∼ 1.0 or higher, one would expect
at similar angular resolutions the continuum brightness
temperature measured at a lower frequency will be sig-
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Table 3. Average column density of the detected molecules in IRAS 4A
Molecule Trot column density Trot column density
(K) N (cm−2) (K) N (cm−2)
IRAS 4A2 IRAS 4A1
CH3OH 200 K ≥ (5.47± 0.12)× 1017 b ≤ 140.39± 6.63 K ≥ (1.14± 0.17)× 1017
13CH3OH ≤ 375.13± 270.02 K ≥ (3.21± 0.30)× 1017 ≤ 58.94± 3.74 K ≥ (1.92± 0.21)× 1015
CH2DOH 200 K
a ≥ (1.30± 0.26)× 1017 200 K a ≥ (6.51± 1.83)× 1015
CH3CHO ≤ 261.31± 10.79 K ≥ (3.86± 0.47)× 1016 200 K a ≥ (3.2± 0.67)× 1014
aRotational temperature is not available, this is the assumed value. The errors in the table are for fitting only;
there are calibration error ∼ 10%, we have not included it here.
b For multiple transitions where there is no available rotational temperature, the average column density for the
assumed temperature.
nificantly weaker than that observed at a higher fre-
quency. The beam dilution effect could further make
the brightness lower if the low frequency observations
were done at a coarser angular resolution. We, for ex-
ample, smooth our ALMA 0.84 mm continuum to have
the same beam size as that of the JVLA 6.9 mm ob-
servations and find the resulting A1 peak brightness be
39 K, almost identical to the JVLA 6.9 mm measure-
ment. With observations of these bands considered, the
above-mentioned comparable brightness from 10 mm to
0.84 mm therefore implies opaque continuum emission
throughout these bands towards the A1 peak, and the
dusty opaque zone could be as large as the JVLA beam
area of 0.′′49 × 0.′′40. In fact, a possible opaque nature of
the 1.2 mm continuum emission of A1 was considered by
Lo´pez-Sepulcre et al. (2017), although it was ruled un-
likely by the authors for its corresponding large volume
density of 1011 cm−3 towards the region. Meanwhile,
in a spectral energy distribution (SED) modelling and
analysis, Li et al. (2017) considered a two-component
(disk+envelope) fitting, which results in a good repre-
sentation of the measured SED data points and hinted
at A1 continuum being optically thick even down to cen-
timeter wavelengths.
The possibility of A1 being optically thick throughout
the centimeter to submillimeter bands has notable impli-
cations. All the column densities and masses reported
by previous studies should then only be considered as
lower limits, as they were derived with the optically-thin
assumption. The lack of emission spectral feature and
hence the deficiency in trace (COM) species, compared
to that of A2 shall also be re-considered, as their emis-
sion could be naturally blanked by the optically thick
continuum. Additionally, the weak NH3 line emission
observed by Choi et al. (2007, 2011) towards A1 could
also be partially understood if the continuum opacity
remains substantial at 1.3 cm.
In the case of A2, Liu et al. (2016) reported a much
weaker brightness of ∼2 K at 6.9 mm, about a factor of
20 lower that our ALMA 0.84 mm results. Note that the
0.84 mm brightness temperature smoothed to the JVLA
6.9 mm beam size is still as high as 23 K. The brightness
difference indicates that the 6.9 mm continuum towards
A2 peak is likely optically thin.
4.2. COM Features
We have detected spectra features of CH3OH,
CH2DOH,
13CH3OH and CH3CHO in both A1 and
A2 of IRAS 4A. Towards A2, all features from these
species, except CH3OH 1(1,1)-0(0,0)++, are in emis-
sion. Many of the transitions are, as demonstrated in
Section 3.2, optically thick with a brightness temper-
ature of 70K suggesting that the gas is warm. The
CH3OH 1(1,1)-0(0,0)++ line shows an inverse P-Cygni
profile, indicative of gas infall motion, and this will be
discussed in a separate paper. Towards A1, our ob-
servations demonstrate conclusively, for the first time,
absorption features from the selected COMs against the
optically thick dust continuum emission.
Could both the absorption features toward A1 and the
emission features toward A2 have a common, possibly
foreground, origin? Yıldız et al. (2013) suggested tenta-
tively a foreground layer of gas based on O2 observations
with the Herschel Space Observatory toward IRAS 4A
and this component has been incorporated for optimiz-
ing the model fitting of H2O spectra observed also with
Herschel by Mottram et al. (2013) in IRAS 4A. This
foreground cloud with an estimated velocity at around
8.0 km s−1 also seems present in the 13CO (2-1) spec-
trum reported by Jørgensen et al. (2007) (their Fig. 6)
in the PROSAC survey. However, this velocity compo-
nent is 0.8 – 1.0 km s−1 offset from the systemic velocity
of IRAS 4A and incompatible with our observed COM
velocities. In addition, the spectral features of these
COMs along the two close line-of-sights (towards A1
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and A2) have disparate velocities, line-widths, and opti-
cal depths, strongly ruling out a common (foreground)
origin of the observed COM absorption and emission.
Given that COMs have been observed sometimes in
shocks associated with outflows (Sugimura et al. 2011),
there is the possibility that the COM features are as-
sociated with the outflows in IRAS 4A. Santangelo et
al. (2015) found a high-velocity jet from A1, while A2
drives a slower precessing jet, with both outflows pri-
marily aligned along the north-south direction. On the
other hand, our observed absorption and emission COM
features rather trace closely the bright dust continuum.
Furthermore, the observed line-widths of the COM fea-
tures toward the A1 and A2 continuum are relatively
narrow, in contrast to the high outflow velocities sev-
eral tens of km s−1 relative to the ambient in this region
(Santangelo et al. 2015). An outflow origin of the COM
features towards A1 and A2 is therefore unlikely, leaving
the observed COMs most probably associated directly
with the individual A1 and A2 continuum sources at .
0.3.′′or . 88 AU scale.
As shown in Figure 1, the low Eu (∼ 16 K) CH3OH
line exhibits absorption in a region that covers the full
extent of the A1 continuum emission with a size of 0.9′′.
This extended absorption layer is likely associated with
the protostellar envelope surrounding the central proto-
star and possibly its circumstellar disk. On the other
hand, other COM absorption features from higher up-
per energy levels (& 40 K) arise from a barely resolved
region ≤ 0.25′′ or . 73 AU in diameter.
Based on the rotation diagram analysis in Scenario I,
the gas temperature of this more compact absorption
layer is ∼ 100 K. To have the observed absorption fea-
ture produced by a layer of COM (e.g. CH3OH gas), a
brighter (background) continuum emission is required.
Typically, the disk upper layers are hotter due to stellar
irradiation, while the midplane is cooler. On the other
hand, high accretion rate can potentially heat up the
midplane region, particularly at small radii, and make
it hotter than its atmosphere (Dullemond et al. 2007).
As illustrated in Figure 7, in this scenario I, we spec-
ulate that we are witnessing a compact path of COM
atmosphere absorbing against the very inner and hot
part of an inclined circumstellar disk around a proto-
star at A1. We find, as listed in Table 3, the column
density of CH3OH at the level of 10
17 cm−2 (convert-
ing 13CH3OH column density). Factoring in a typical
fractional abundance of CH3OH of 10
−6 (Herbst & van
Dishoeck 2009), the absorbing COM atmosphere will
have a column density of 1023 cm−2. This can be com-
pared to the column density of the “background” con-
tinuum disk of 1026 cm−2 (see section 3.1). If the disk
is only slightly inclined from face-on, we are able to ob-
serve the unresolved, compact (< 73 AU), hot inner disk
and the associated COM atmosphere, which dominates
the absorption spectral along its line of sight. The ten-
tative COM absorption features seen by Lo´pez-Sepulcre
et al. (2017) may originate from the same region but
get severely beam-diluted at a lower angular resolution.
The (optically thick) disk surface has a temperature gra-
dient, which results in an overall (beam averaged) con-
tinuum brightness of 60 K towards the A1 peak. In the
case that the level of accretion heating in A1 is not suf-
ficient to elevate the disk mid-plane temperature above
its COM atmosphere locally (i.e., at the same radius),
we may be viewing a tilted disk so that along the line of
sight, we are seeing an atmosphere against the contin-
uum emission at a smaller radius with higher temper-
ature. Segura-Cox et al. (2018), for example, based on
two-dimensional image fitting of the 8mm (dust) con-
tinuum emission observed with the JVLA, inferred a
modestly inclined disk at 35◦. The slightly inclined
disk probably leads to a seemingly faster but less ex-
tended bipolar outflow in A1 as compared to that in A2
(Santangelo et al. 2015), as the outflow will be highly
inclined, resulting in a larger velocity along the light-
of-sight and less transverse motion on the plane of the
sky. A nearly pole-on (6◦) view of a bipolar outflow to-
ward A1 was actually considered by Santangelo et al.
(2015) although a different interpretation was preferred.
A nearly face-on disk orientation could explain the lack
of a clear velocity gradient seen in NH3 toward A1 by
Choi et al. (2007, 2011). In contrast, a velocity gradient
perpendicular to the bipolar outflow was seen in NH3
towards A2. The lack of obvious fast rotating signature
in NH3 emission around A1 led Choi et al. (2011) to
speculate that A1 hosts a less massive protostar than
that of the A2.
The geometry of IRAS 4A1 proposed above is close
to the picture suggested by Oya et al. (2018) of
I16293 B. I16293 is another proto-binary where two
(sub)millimeter continuum emission cores, I16293 A and
B, show hot-corino activities (Oya et al. 2016). Similar
to the case of IRAS 4A, the weaker continuum of I16293
(i.e., A core) show richer COM (emission) features com-
pared to that of B core. Zapata et al. (2013) revealed a
compact structure from continuum emission (0.45mm,
angular resolution ∼ 0.2′′) of I16293 B, and revealed
a pronounced inner depression or absorption hole from
H13CN, HC15N, CH3OH images. The ‘hole’ size is
comparable to continuum size which is optically thick.
So, in that image the molecular emission is surrounded
like a wall. Our observation has a little similarity with
this case but in our case we do not find any molecular
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emission outside of the central beam. The outer disk
(beyond 36 AU in radius) is probably cold and/or opti-
cally thick so that COM emission is absent due to a lack
of COMs in the gas phase and/or the attenuation of line
emissions by continuum. A relevant case related to this
picture is the COMs environment observed in HH212
system (Lee et al. 2017b). COMs were observed above
the disk surface but not in the optically thick disk (Lee
et al. 2017a) itself in HH212.
It is interesting to note that emission of complex
organics such as CH3OH, CH2DOH, HCOOCH3, and
NH2CHO have been proposed to trace the centrifugal
barrier of accretion disks (Lee et al. 2017b; Oya et al.
2018). In the case of HH212, Lee et al. (2017b) observed
a couple of layers of hot COM gas, including CH3OH,
CH2DOH, and NH2CHO, above and below of an edge-on
disk. The extent of the COM “atmosphere” is consistent
with that of a centrifugal barrier (CB) at 44 AU based
on kinematics considerations. For I16293 B, compact
CH3OH and HCOOCH3 emission were observed toward
its continuum; it was also suggested to trace the CB
at a radius of 40 AU. If our observed COM emission is
indeed associated with the same phenomenon, the com-
pact nature of the COM absorption in A1 would imply
that only a small (∼ 36 AU) disk within which Keple-
rian rotation has been established. We have not seen all
the molecular transitions that are observed towards A2
in the absorption towards A1 (see Figure 2). The dif-
ference perhaps indicates that COM emission from A2
has a “genuine”/“typical” hot-corino nature while that
from A1 is accretion-shock related at CB.
In addition to Scenario I in which the absorption lines
are considered optically-thin, we discuss also an alterna-
tive scenario (Scenario II). It is possible that some (or
all) of the absorption features toward A1 are in fact op-
tically thick and saturated. As shown in Equation (2)
and (4), in the optically thick situation, the depth of the
absorption line core will be the temperature difference
between the background continuum brightness and the
foreground absorbing gas temperature, or equivalently,
the brightness at the absorption line core is equal to the
foreground absorbing gas temperature. In Scenario II,
in which invoking a beam-filling factor is not necessary,
the absorption lines with different excitation tempera-
tures form at different layers in a temperature-stratified
envelope, a configuration illustrated in Figure 7. The
lower excitation line saturates at the outer cooler layer,
while the higher excitation transition (not excited at the
outer layer) become optically thick in the relatively in-
ner and hotter region. The CH3OH transitions toward
A1, for example, probe layers between 30K and 60K.
Considering an envelope with its gas temperature scal-
ing with r−0.5, where r is the radius from the center
protostellar object, a factor of two difference in tem-
perature translates to a radius difference by a factor of
4. The velocity for gas, if free-falling at 50 AU around
a 0.1M protostar, is nearly 2 km s−1 and would be
scaled by r−0.5. Our observations should be able to de-
tect such (differential) velocity offsets if the gas is under
free-fall. As suggested in Section 3.2, the consistency of
the absorption line velocities with the systematic veloc-
ity and among themselves appears to indicate a lack of
gas accretion/inflow motion (along the line of sight) in
the envelope at tens of AU scale.
4.3. Deuterium Fractionation
Now we consider the deuterium fractionation of
CH3OH in A1 and A2. As CH3OH emission in A2 is
optically thick, it would be good to compare 13CH3OH
and CH2DOH column densities in both the cores. The
13CH3OH/CH2DOH ratio for A2 and A1 is 2.47 and 0.29
(considering the average value) respectively. Bianchi
et al. (2017) used 13CH3OH to calculate
12CH3OH
abundance and from this they reported a D/H ratio
' 2 × 10−2 for methanol in HH212. The deuterium
fractionation is one order lower than typical D/H val-
ues in hot-cores and prestellar clouds. The observation
by Bianchi et al. (2017) was a high-resolution ALMA
observation on scale 45 AU, similar to the scale of cur-
rent observation ∼73 AU. If we consider 12C/13C ∼ 70
(Sheffer et al. 2007) (note: 12C/ 13C ratio is not stan-
dard and it varies in different medium, e.g., Taniguchi
et al. 2016; Wirstro¨m et al. 2011), then the lower
limit of CH2DOH/CH3OH ratio in A2 and A1 becomes
the 0.6×10−2 and 4.9×10−2 respectively. This is only
a factor ∼ 8 difference in deuteration between the core
A1 and A2. There is a caveat in this calculation, we
assume a likely value of rotational temperature (200 K)
for this and also there is huge uncertainty in 13CH3OH
column density calculation, and rotational temperatures
of 13CH3OH for two cores are very different. However,
if we consider the result, then it suggests that higher gas
temperature in the hot-corinos environment indirectly
reduces the deuteration in methanol compared to cold
prestellar conditions; this is similar to the methanol
deuteration in HH212. It may imply that A1 also have
a hot environment like the A2 with similar deuterium
fractionation and hosts a hot-corino.
5. CONCLUSION
We have observed the NGC1333 IRAS 4A protobinary
system with its two cores- A1 & A2 well resolved using
ALMA. The results can be summarized as follows-
1. The dust continuum emission towards the core A2
is found to be predominantly optically thin at this scale
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while the continuum emission towards A1 is most likely
to be optically thick.
2. A forest of spectral line emissions is observed to-
wards A2, while spectral transitions towards A1 are de-
tected in absorption. Here we have identified and dis-
cussed some COMs like CH3OH,
13CH3OH, CH2DOH,
CH3CHO in both the cores A1 and A2. The A2 core is
a known hot corino with a rich presence of COMs.
3. The observed absorption features towards A1
are probably arising from a hot-corino-like atmosphere
against a very compact (≤ 36 AU) disk in A1. We spec-
ulate that this compact hot-corino-like atmosphere may
resemble the cases in HH212 and I16293 B in which the
COM emission is related to the centrifugal barrier of ac-
cretion disks. Alternatively, the absorption may arise
from different layers of a temperature-stratified dense
envelope.
4. An indirect calculation of deuterium fractionation
shows that CH2 DOH/CH3OH ratio have similar order
(∼ 10−2) towards both the sources. This low deuterium
fractionation in both sources may imply a hot gas con-
dition (∼ 100 K) typical to a hot corino.
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Figure 1. Figures shows integration map of IRAS 4A system for continuum (panel a) and different molecules (b-f) that are
discussed in text . Panel (b) is for 1(1,1) − 0(0,0)++ transition, and panel (c) is for 4(0,4) − 3(−1,3) & 9(5,5) − 10(4,6) transition
of CH3OH. Rest of the panel d,e,f are for the molecules
13CH3OH, CH3CHO, CH2DOH respectively. For, the panel d, e,f we
consider all the transitions of respective molecules which are detected in both A1 and A2. In the integrated maps we have
consider a total velocity interval 2.4 km s−1 . The contours are for 5σ, 2 × 5σ, 2 × 10σ ...., and -5σ, 2 × 5σ, 2 × 10σ ..., with
σ=8,6,11,6,15,10 mJy km s−1 for images in panel a,b,c,d,e,f respectively.
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Figure 2. Upper panel shows spectral emission towards A2. Spectral transitions towards another core of IRAS 4A, A1
are detected in absorption (lower-panel). Some of the identified transitions for the molecules CH3OH,
13CH3OH, CH3CHO,
CH2DOH are marked. Along the Y-axis we show real brightness temperature and intensity considering the continuum emission.
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Figure 3. Spectra of 18 lines (blue) are detected towards IRAS 4A2. Gaussian fitting of the spectra are shown in red, results
of the fittings are given in Table 2. Here , we show the continuum subtracted intensity of the spectra.
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Figure 4. The zoomed in view of inverse P-Cygni profile of CH3OH transition towards A2. The dotted line represents the
peak velocity of Gaussian fitting, assumed systematic velocity is 6.7 km s−1 .
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Figure 5. Spectra of 16 lines (blue) are detected in absorption towards IRAS 4A1. Gaussian fitting of the spectra are shown
in red, results of the fittings are given in Table 2. Here , we show the continuum subtracted intensity of the spectra.
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Figure 7. Schematic diagram for NGC1333 IRAS4A1 configuration.
